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1. Abstract
The Jurassic Morrison Formation of the Rocky Mountain and Colorado Plateau regions is
famous for its dinosaur fossils. The Morrison Formation (150-157 Ma) is comprised mostly of
sandstone and mudstone that was deposited in a terrestrial deposition system that included
fluvial, paludal, and lacustrine environments. Paleocurrent data indicates that Morrison sediment
was transported to the north and east. Within the Morrison Formation, we find exotic pebble and
cobble-size durable clasts of quartzite, chert and vein quartz weathering out of the mudstone
paleosols. We interpret these exotic clasts as gastroliths, carried within the gastric mills of
dinosaurs. For this study, we collected red and pink quartzites in the Bighorn Basin of Wyoming
and in northeastern Utah. We determined the provenance of these red quartzite gastroliths using
detrital zircon U-Pb geochronology and LA-ICPMS methods at the University of Arizona
Laserchron Center. Ten individual gastroliths were analyzed, six from the Bighorn Basin and
four from Utah. Zircons were separated from five gastroliths collected from the Morrison
Formation in the northeastern Bighorn Basin, Wyoming (n=36, 68, 66, 41, 29). Four of the
gastroliths have Yavapai and Penokean maximum depositional ages, and peak ages that are
Penokean and Archean. We interpret these four gastroliths were derived from Yavapai (Baraboo
Interval) quartzites exposed more than 1000 km to the east. The other two gastroliths contain
early Paleozoic and Grenville age zircons in addition to populations of Paleoproterozoic and
Archean grains. We interpret that these gastroliths were derived from Pennsylvanian strata that
were exposed several hundred km to the west of the sampling locality. The gastrolith detrital
zircon age spectra are statistically distinct from overlying and underlying Morrison Formation
sandstones. Four gastroliths from Utah (n=22, 25, 90, 21) are dominated by Mesoproterozoic
zircons, and are interpreted to have been derived from Neoproterozoic strata. The fourth
gastrolith (n=21) includes a population of early Paleozoic zircons, which indicates that it is likely
Carboniferous in age. These three red quartzite gastroliths are different in age from those in the
Bighorn Basin of Wyoming, which were derived from Yavapai “Baraboo Interval” quartzites of
the Great Lakes region. Both the Bighorn Basin and Uinta Mountain areas contain gastroliths of
Carboniferous age. Our data indicates that Neoproterozoic quartzites, perhaps of the
Neoproterozoic Jacobsville Sandstone of the Lake Superior Basin, were the source of the
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gastroliths from Utah. These gastroliths were ingested by dinosaurs and then transported in the
belly of a dinosaur to the Bighorn Basin and northeastern Utah.

2. Introduction
2.1 Overview
The late Jurassic Morrison Formation of the Rocky Mountains and Colorado Plateau is

famous for its dinosaur fossils. A striking feature of Morrison is the occurrence of exotic pebble
and cobble-sized durable clasts of quartzite that are referred to as exoliths (Figure 1: Wings,
2007). Wings defines an exolith as an exotic rock in fine−grained sediments which may show a
high polish (Wings 2007). Other existing terms for exotic rocks include “erratic” or “dropstone”;
however, these terms are most commonly associated with glacial deposits. Exoliths are
commonly transported via fluvial systems or glaciers, but there is no evidence supporting the
latter of the two methods for the exoliths found throughout the Colorado Plateau. Thus, a known
origin, or provenance, may help the classification of which term to apply to the exoliths existing

in the Morrison Formation.

Figure 1. Red quartzite gastroliths collected near Dinosaur National Monument, Utah.

5

Exoliths comprised of red or purple quartzite are common in the Morrison Formation
(Malone et al. 2018), and these bear a strong resemblance to red Proterozoic quartzites and
sandstones that occur in different parts of Laurentia (Figure 2) (Whitmeyer and Karlstrom 2007).
Yavapai-Mazatzal (“Baraboo Interval”) quartzites occur in Wisconsin, New Mexico, South
Dakota, Colorado, New Mexico, and Arizona (Cox et al. 2002; Medaris et al. 2003). Red
quartzite is present, but not common in Mesoproterozoic Belt Series quartzites (Link et al. 2013),
which occur in Montana and Idaho, and Neoproterozoic quartzites of the Cordilleran margin that
extend from Idaho to California (Yonkee et al., 2013). The Mesoproterozoic Jacobsville
Sandstone occurs at the top of the Lake Superior basin succession (Malone et al. 2016), and also
has red quartzite in the succession.

Figure 2. Basement terranes of the North American continent. The pink quartzite localities
throughout Laurentia are indicated in yellow and highlighted by the black boxes (from
Whitmeyer and Karlstrom 2007).
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Determining the provenance of rocks is used to make paleogeographic reconstructions. May
et al. 2013 established the provenance of the Morrison Formation in the Bighorn Basin WY,
which determined the drainage patterns and paleocurrents of streams during the Late Jurassic.
Paleogeographic reconstructions are constructed by analyzing the structure, age constraints, and
lithologies present in a current landscape. A known provenance also provides insights on the
mode of transportation a rock was subjected to. In addition, other surrounding evidence, such as
the depositional environment or plethora of dinosaur remains, indicate other possible modes of
transportation explaining the emplacement of the exoliths in the Morrison Formation (Stokes
1987; Wings 2007).
If found in association with dinosaurs, exoliths are considered gastroliths. Gastroliths are
pebble to cobble-size clasts that were consumed by dinosaurs (Stokes 1987; Jennings and
Hasiotis 2006). They were deposited in a chamber in the stomach (i.e. gizzard) and were used to
grind up ingested food items in preparation for digestion. They are readily identified by their
rounded shape and smooth, highly polished surface. They range in size from 5–17 cm in
diameter (Everhart 2017). Furthermore, numerous studies have shown the association of
gastroliths with fish and invertebrate remains in the stomach of fossil reptiles (Cicimerri and
Everhart 2001). In the case of the exotic stones in the Morrison Formation, their classification as
gastroliths is more uncertain. Only direct evidence, such as finding gastroliths within a
dinosaur’s cavity, can ensure a stone to be called a gastrolith. Jennings and Hasiotis (2007) and
Wings (2007) report gastroliths associated with dinosaur remains in the Bighorn Basin. The
Morrison Formation is highly touted for its plethora of dinosaur remains, so any polished, exotic
cobble bears the possibility of being a gastrolith. No study exists detailing a gastrolith’s
provenance, which may also help classify an exotic stone as a gastrolith.

2.2 Research Statement
Exotic, highly polished stones, occur throughout the Morrison Formation in the Colorado
Plateau and Rocky Mountains (Malone 2018); exoliths are common in the Morrison of Bighorn
Basin (BHB) of Wyoming, and near Dinosaur National Monument (DNM) in northeastern Utah.
This study aims to determine the provenance of the purple quartzite exoliths found throughout
the Morrison Formation by comparing age constraints and lithologies of other purple quartzite
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localities throughout North America. A known provenance of the exoliths helps answer what
term can be correctly applied to the exoliths. Given the current knowledge regarding the
provenance of the Morrison sediments, a provenance not like the Morrison’s infers another mode
of transportation capable of moving exoliths long distances. In summary, the initial hypothesis
infers the exoliths found within the Morrison Formation are gastroliths, and were ingested by the
dinosaurs near the source, then transported to both BHB and DNM via the gastric mill of a
dinosaur.

3. Study Area
The Morrison depositional basin encompasses parts of twelve states in the western United
States; however, only the Morrison Formation itself only appears in four states (Utah, Colorado,
Wyoming, and Montana). The Morrison Formation is well exposed both in the BHB (Figure 4)
and near DNM (Figure 5). Both study sites exhibit variegated red, yellow, and purple shales,
distinct from the overlying and underlying strata. Gastroliths in the BHB were collected just
north of the Alkali Anticline (44.690581, -108.233913). Gastroliths were also collected from
four localities near Dinosaur National Monument and Vernal, UT.

Figure 3. Overview of the Morrison Depositional Basin. The two study sites are the Bighorn
Basin (BHB) and Dinosaur National Monument (DNM).
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Figure 4. Dipping red beds of the Morrison Formation in the Bighorn Basin, WY.
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Figure 5. One of three collection sites in northeastern Utah. Pictured here is site three, located
near Red Fleet Reservoir, UT.

4. Literature Review
4.1 Gastroliths
According to Wings (2007), any stone found within the digestive track of an animal is a
gastrolith. Modern taxa such as alligators, ostriches, and seals are some of the modern animals
utilizing gastroliths. Physical characteristics of gastroliths are dependent upon the retention time,
rock type, and abrasion rate within an animal (Wings 2007). Gastroliths provide a variety of uses
to their hosts, such as: stomach cleaning, secretion of stomach juices, mineral storage, and most
commonly, the mixing of foodstuff (Wings 2007). After food is swallowed and soaked with
stomach acid, rhythmic muscle contractions within the gizzard break down the harder food with
the help of gastroliths.
In the case of the exotic stones in the Morrison Formation, their classification as
gastroliths is more uncertain. Only direct evidence, such as finding gastroliths within a
dinosaur’s cavity, can ensure a stone to be called a gastrolith. For an exolith to be considered a
gastrolith, the exolith must be found in proximity to dinosaur remains. Gastroliths are found in
association with sauropod remains in the Bighorn Basin (Jennings and Hasiotis 2007; Wings
2007). The Morrison Formation near DNM is famous for its dinosaur extinction beds, most
notably Carnegie Quarry (Figure 6). Both the BHB and DNM exhibit numerous dinosaur
assemblages, indicating each polished, exotic stone could be a gastrolith.
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Figure 6. Dinosaur extinction bed at Carnegie Quarry in Dinosaur National Monument (DNM),
Utah.

4.2 Provenance
Detrital zircon geochronology has been used to determine the provenance of strata in the
Bighorn Basin (May et al. 2013). They report the detrital age spectra of three Morrison
sandstones. The Morrison sandstone provenance is variable and complex. The paleocurrents
reported by Winslow et al. (1987) portray that the sediments came from the highlands in the
west, but there is not an enough of observed Jurassic-age rock in this region. May et al. (2013)
created paleogeographic maps (Figure 7) of the Bighorn Basin. Their study was divided up into
four different tectonic assemblages. The zircons that showed Yavapai-Mazatzal and Archean
age populations are interpreted as being sourced from the east, northeast, and southeast (Figure
7A). Sediments from the Pennsylvanian era are eolian and fluvial in origin and were derived
from southern Canada and Montana from a southward trajectory from the Appalachians (Figure
7B). Both the Cenomanian and Campanian are Upper Cretaceous in age (Figure 7D and 7E).
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Their age populations showed a dominance of 1.7-1.8 Ga. Lastly, the sediments from the
Tertiary were sourced from the Sevier Highlands to the west (Figure 7F). The paleocurrent
studies that were done in this paper showed the Morrison sediment came from the highlands to
the west.

Figure 7. Paleogeographic maps from May et al. (2013) illustrating the drainage patterns into
the Bighorn Basin during the Late Jurassic period. These maps were a result of a detrital zircon
study from the Bighorn Basin in Wyoming (May et al. 2013).

4.3 Baraboo Quartzite
Within the Lake Superior Precambrian geology is the Barbaboo Quartzite, a middle Proterozoic
quartzite located near Baraboo, Wisconsin (Figure 8) (Van Wyck et al. 2004). Van Wyck et al.
(2004) obtained detrital zircon ages of over 200 grains from two locations, Baraboo and
Hamilton Mounds. The Penokean age peaks from 69 detrital zircon ages at Hamilton Mounds
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were at 1895 Ma 1853 Ma, and 1811 Ma. There were pre-Penokean age peaks at 3.2, 2.9 and
2.55 Ga. The 147 detrital zircon grains from two Baraboo Quartzite show similar age
distributions at 1754, 1850, and 2.5 G.a. There were not any age peaks younger than 1.7 Ga,
which is significant because the other provinces, such as the Belt Supergroup and Brigham
Group, west of the Bighorn Basin contain age peaks lower than the 1.7 Ga mark.

Figure 8. Close-up map of the Penokean Province. The Baraboo Interval Quartzite’s were
sampled from BARQ1 and BARQ2 (from Van Wyck et al. 2004).

4.4 Jacobsville Formation
The Jacobsville Formation is a series of feldspathic and quartzrose sandstones,
conglomerates, siltstones, and shales deposited in fluvial environments (Malone et al. 2016). It is
exposed in the Upper Peninsula of Michigan along the edges of Lake Superior. The Jacobsville
formation is structurally and compositionally different from the sediments below it and has
recently been assigned new ages. Two-thousand fifty zircon grains were analyzed from ten
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sampling localities along Lake Superior (Figure 9) in the Malone et al. (2016 study). The highest
frequency ages for the Jacobsville are at 1106 Ma, 1458 Ma, 1880 Ma, and 2660 Ma.

Figure 9. Generalized map of basement terranes in North America. Age peaks from the
Jacobsville Formation indicate by the different arrows. The Penokean Province encompasses
both the Baraboo Quartzite and Jacobsville Formation (from Malone et al. 2016).

4.5 Late Jurassic Paleogeography of the Morrison Depositional Basin
Turner and Peterson (2004) investigated the history of the Morrison Formation, focusing
on a climatic and hydrologic framework of the region. At the time of its deposition, Wyoming
enjoyed an arid and warm climate (Figure 10). Surface temperatures in the Western interior were
expected to be between 20°C–45°C. Precipitation rates were less than 20 inches per year (Turner
and Peterson 2004). The presence of evaporites in the Morrison also suggests an arid climate.
Bedded gypsum is found in the Morrison Formation, especially in northeastern Wyoming.
Paleogeographic studies indicate that when the Morrison was being deposited, the region was
positioned under a subtropical high-pressure cell at about 25–35 ̊ N latitude. This atmospheric
circulation produced westerly winds that brought moisture from the Pacific Ocean to the east
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(Fricke et al. 2011). The interior of the continent was left depleted of moisture because the
precipitation from the ocean did not reach areas like the Morrison Depositional Basin. The
paleohydrology framework is based on the paleoclimatic interpretations. As the Western Interior
Seaway retreated from this region in the late Jurassic period, freshwater wetlands and lakes
occupied that space from the drainage of upland aquifers to the west. The Uncompahre uplift
enclosed the depositional basin and formed a barrier to shallow, eastward flowing groundwater
and surface water (Turner & Peterson 2004). The streams that flowed from the uplands were
mostly intermittent, but some were perennial. These types of streams are typical of what is
expected in an arid environment. Rain that fell west of the Western Interior Basin fed the
intermittent rivers that flowed eastward (Turner and Peterson 2004). However, recent discoveries
from Dickinson et al 2009 describe a series of transcontinental rivers flowing westward through
the Laurentian mid-continent to the Rocky Mountain area.

Western Interior
Seaway

Figure 10. Late Jurassic paleogeography of Laurentia. The Baraboo exposures are outlined in
purple, and the Jacobsville Formation is outlined in red. (Blakey et al. 2018).
15

4.6 Late Jurassic Paleogeography of Laurentia
Late Jurassic topographical highlands existed in the northern mid-continent near the
exposures of Baraboo Quartzite (purple) and Jacobsville (red) Sandstone. No rocks younger than
Devonian strata exist near the exposures of the Baraboo Quartzite and Jacobsville sandstone.
These Precambrian rocks were likely exposed throughout the Late Jurassic, shedding cobbles of
quartzite along the way.
The topography of the Laurentian Mid-Continent during the Late Jurassic is not well

understood due to the lack of rocks there. However, new methodologies such as U/Pb Zircon
geochronology were applied to reconstruct the paleogeography and topography of what the
landscape in the mid-continent may have looked like during the late Jurassic. Dickinson et al.
(2009) reported on U/Pb ages for Mesozoic sandstones found within the Colorado Plateau and
their implications for paleogeographic reconstructions. Eolian sediment in late Jurassic ergs
found near modern-day South Dakota and Colorado sourced from the pre-Atlantic rift highlands
along the Appalachian Mountains. The transcontinental rivers were accompanied by northern
and southern tributaries feeding into the westward flowing trunk stream, which ultimately

drained into the regressing western interior seaway (Dickinson et al 2009). The U/Pb zircon ages
of sandstones in the Morrison Formation indicate eastward flowing streams from the Cordilleran
magmatic highlands (May et al. 2013). Both eastward and westward streams were flowing into
the Western Interior Seaway throughout the late Jurassic. Eastward streams were responsible for
the deposition of the Morrison sediment, while the westward streams provided the water
necessary for long distance dispersal of dinosaurs across the mid-continent.

4.7 Migration
Animal migration is a complex, dynamic process that is dependent upon many factors.
Animals may migrate to avoid extreme climatic changes or to exploit seasonal resources
(Chapman et al. 2004). Dinosaur migration was first suggested in 1928 by von Huene for the
Plateosaurus after observing its dispersal across Europe (von Huene 1928). Migration corridors,
nutritional needs, and climates all have significant impact on how dinosaurs may have migrated
during the late Jurassic. It is possible dinosaur migration during the late Jurassic can be inferred
from modern migration patterns exhibited by terrestrial taxa (Chapman et al. 2004). Comparing
modern migration routes and lengths to the proposed dinosaur dispersal can help explain key
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factors and influences that drove dinosaurs across the mid-continent during the late Jurassic. If
large taxa are traveling long distances across the African savannas, its possible dinosaurs were
capable of the same migration and dispersal lengths. Studying ancient migratory behavior on any
organism, especially dinosaurs, relies upon circumstantial evidence (Chapman et al. 2004). Until
recently, however, stable isotopes indicate new possible long-distance migration patterns (Fricke
et al. 2011). In addition, new insights of hadrosaurs biomechanical and energetical capabilities
suggest migration over long distances (Bell and Snivley 2008). Both proxies indicate migration
lengths from 400–2600 km. Dinosaurs are arguably the most optimum group of organisms
shedding light on the biogeography and paleogeography of the landmasses throughout the
Mesozoic (Fanti 2012). Understanding their migration habits and routes is vital when
considering the paleogeography occupying the earth, and vice versa.
Stable isotope provides concrete evidence of archaic dinosaur migrations. Comparisons
between oxygen isotopes (δ18O) in a Camarasaurus tooth enamel were linked with ratios in the
host materials (ancient soils, lake, wetlands, etc.) (Fricke et al. 2011). Significant changes in
ratios of sauropod tooth enamel and host material from southwestern Wyoming suggests
migration distances of hundreds of kilometers (Fricke et al. 2011). Older tooth enamel exhibited
lower ẟ18O values, correlating with values existing in non-basinal settings. When ingesting
organic material and reservoir water, bioapatite is formed. It is also a significant factor when
forming tooth enamel, dentine, bone, or body scales, making these remains valuable when trying
to understand specific isotopic domains a dinosaur may have inhabited (Fricke et al. 2009). Low
ẟ18O values also caused partial rainout of 18O from air masses as they passed over the magmatic
highlands to the west (Fricke et al. 2011). These fluctuations indicate Camarasaurus were
drinking water in the highlands for at least part of the year. It is inferred the dinosaurs left the
basins during dry seasons or droughts because plant growth would have been limited. Once wet
seasons arrived, they would then retreat down to the basins. Patterns in the ẟ18O values indicate
migration length was 200–400 km and was seasonal. Interim wetlands, rivers, and lakes were
hubs for dinosaurs. Any migration or dispersal happening during the late Jurassic must have
followed or been directed to a water source.
During the Mesozoic Era (252–66 Ma), dinosaurs existed in various climates across the
globe. Polar dinosaurs, such as hadrosaurs, were biomechanically and energetically capable of
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migrating long distances of up to 2600 km (Bell and Snively 2008). Larger dinosaurs, like
sauropods, are considered to have higher locomotive abilities than almost all terrestrial
mammals. Hadrosaurs did not come along until the Cretaceous Period, but if dinosaurs were
capable of moving long distances then, it is possible it happened during the Jurassic Period (Fanti
2012). The longest migration distance of terrestrial vertebrates today is the caribou, which
records up to 5055 km (Bell and Snivley 2008). Hadrosaurs are roughly three times larger the
caribous, and would have exhibited more efficient locomotive capabilities, such as stride length.
If modern taxa are exhibiting such long migration distances, its plausible dinosaurs, like
hadrosaurs or sauropods, were capable of moving the same distances. Thousands of hadrosaur
bone beds existed across western North America, which infers these dinosaurs traveled in herds.
Thus, it would have been difficult for an environment to sustain these creatures if they were not
moving from place to place (Bell and Snively 2008).
Animal migration is a remarkably diverse pattern of behavior. Each migratory path is relative
upon the species natural history, biology, biogeography, and the topography of its habitats
(Chapman et al. 2014). Modern migrating taxa usually follow predictable routes, such as
mountain ridges or valleys. Any distance with little topographic relief would be required for
dinosaurs enduring long distance migration and dispersion. Dinosaurs embark on migration and
dispersion to escape climatic changes and to find more food resources. Dinosaur track sites
recorded in coastal, shallow marine environments in North America and Europe indicate
dinosaurs tended to stick close to bodies of water (Porchetti et al. 2016), or any body of water
capable of supplying their necessary nutritional needs. Roughly two hundred dinosaur track sites
have been recorded worldwide (Fanti 2012), and almost every occurrence resides in Jurassic and
Cretaceous carbonate platform. The data distribution does rely on the exposures of outcrop
presenting the track sites, but the ubiquity of these depositional environments suggest possible
dinosaur migratory behavior.

5. Methodology
Dozens of exoliths were collected from four sampling localities near DNM, UT, and the
Bighorn Basin near Sheep Mountain. Sample collection for the Bighorn Basin was completed in
the summer of 2017 and 2019. Samples from Utah were collected in the fall of 2018. Sampling
localities in Utah were as followed: U.S. 40 east of Vernal, UT (40.32°, -109.26°), south of
18

Dinosaur National Monument (40.43°, -109.290°), east of Red Fleet Reservoir (40.58°, 109.41°), and U.S. 191 north of Vernal, UT (40.52°, -109.52°). The most common compositions
were variably colored chert and quartzite.
Five gastroliths from the Bighorn Basin (n = 36, 68, 66, 41, 29) and four gastroliths from
Utah (n = 22, 25, 90, 21) were crushed individually, and zircons were separated using traditional
panning (Figure 11), heavy liquid, and magnetic techniques at Illinois State University (Figure
12 & 13). U-Pb geochronology of zircons was conducted by laser ablation inductively coupled

plasma mass spectrometry (LA-ICPMS) at the Arizona LaserChron Center (Gehrels et al. 2006,
2008; Gehrels and Pecha 2014). The analyses involve ablation of zircon with a Photon Machines
Analyte G2 excimer laser equipped with HelEx ablation cell using a spot diameter of 20
microns. The Arizona LaserChron Center accounts for the “common lead” issue (Gehrels et al.
2006, 2008; Gehrels and Pecha 2014) by eliminating the extra Pb204 within the zircons. Ages for
each individual zircon will be higher, thus inaccurate, if common lead is not eliminated.
Following analysis, data reduction was performed with a Python decoding routine and an Excel
spreadsheet (E2agecalc). Zircon ages were shown on relative age-probability diagrams using the
routines in Isoplot (Ludwig, 2008). Probability Density Plots (PDP) were generated using the
Isoplot software as well and are used to display the final datasets.

Figure 11. Separating heavy minerals (zircon, pyrite, and magnetite) from crushed up gastrolith
sediment using traditional panning techniques.

19

Figure 12. Heavy liquid (Methylene Iodide) mineral separation. Zircon, magnetite, and pyrite
are separated from quartz and feldspar.

Figure 13. Hand picking zircons for analysis
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6. Results
Zircon age data for five exoliths from the Bighorn Basin. BHB-2, BHB-3, BHB-4, and BHB5 exhibit a maximum depositional age of 1850 Ma, with Archean age peaks of about 2600 Ma
(Figure 14). BHB-1 has two maximum depositional ages of about 1766 Ma and 1848 Ma, with
Archean age peaks as well. Each of the BHB exoliths bear significant age differences from the
surrounding Morrison Formation sediment collected from May et. al. 2013. No zircon grains
were reported in an age lower than 1766 Ma, analogous to the Baraboo-Interval Quartzite near

Baraboo Wisconsin (Van Wyck and Norman 2004).
A Kolmorgorov and Smirnoff (K-S) test was run on each of the data sets. A K-S test
mathematically compares data sets to understand whether there is a statistically significant
difference between each data set. Each K-S analysis computes a P value, which tell if the two
data sets are statistically similar (Berry et al., 2001; DeGraaf-Surpless et al., 2003). The level of
confidence each match is set at is 95%. The KS analysis (Table 1) indicates each of the BHB
exoliths matched with Baraboo 2. BHB-1 and BHB-2 were the only exoliths to match with
Baraboo and Baraboo 1. KS results also indicate a 0% match between the Morrison sandstones

and the BHB exoliths imbedded within.
Zircon age data for three gastroliths collected in northeastern Utah near DNM bear
predominantly Mesoproterozoic aged zircons, with age peaks near 1160 Ma and 1450 Ma
(Figure 15). The UT exolith data set was compared with data sets from both Jacobsville
Formation and Ionia Formation. The Ionia Formation is a small exposure of late Jurassic
sediment in Michigan, analyzed by Dickinson et al. 2009. According to the KS analysis
comparing the UT data sets with the Jacobsville and Ionia Formations, the UT exoliths matched
with age spectra of the Jacobsville Formation. The UT exoliths do not match with the Ionia
Formation, signifying a different method of transport across the mid-continent. Dickinson et al.
(2009) established a westward flowing late Jurassic trunk stream that deposited Ionia zircons in
the Colorado Plateau.
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Figure 14. Stacked probability density plots (PDP) comparing detrital zircon age spectra to the
BHB gastroliths (red), Baraboo Quartzite (blue), and BHB Morrison Formation sediment from
May et al. 2013.
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Figure 15. Stacked PDPs comparing detrital zircon age spectra of UT gastroliths (blue), Ionia
Sandstone (red), and the Jacobsville Formation (green).
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Table 1. A KS analysis comparing each of the BHB gastrolith’s detrital zircon age spectra.
Values highlighted in yellow indicate a "match", meaning the two compared samples have >95%
probability of being statically comparable.
Gastrolith
1

Gastrolith
2

Gastrolith 3

Gastrolith 4

Gastrolith 5

Morrison
SS

Baraboo

Baraboo 1

Baraboo 2

0.502

0.218

0.843

0.997

0

0.302

0.126

0.1

0.784

0.355

0.662

0

0.51

0.094

0.105

0.795

0.73

0

0.004

0

0.708

0.949

0

0.001

0

0.479

0

0.069

0.007

0.43

0

0

0

0.665

0.132

Gastrolith 1
Gastrolith 2

0.502

Gastrolith 3

0.218

0.784

Gastrolith 4

0.843

0.355

0.795

Gastrolith 5

0.997

0.662

0.73

0.949

Morrison SS

0

0

0

0

0

Baraboo

0.302

0.51

0.004

0.001

0.069

0

Baraboo 1

0.126

0.094

0

0

0.007

0

0.665

Baraboo 2

0.1

0.105

0.708

0.479

0.43

0

0.132

0.009
0.009

Table 2. A KS analysis comparing each of the BHB gastrolith’s detrital zircon age spectra.
Au Sable
Au Sable

Deer Lake

Munising

Alona

Echo

Batchawana

UT2-1

UT1-1

UT4-1

Ionia

0.005

0.019

0.001

0.018

0

0.002

0.006

0.058

0

0.158

0

0

0.007

0.056

0.235

0.005

0

0

0.001

0.064

0.378

0.16

0.061

0

0.27

0

0.025

0.021

0.519

0

0

0.07

0.025

0.159

0

0.004

0.519

0.017

0

0.422

0.193

0

0.183

0

Deer Lake

0.005

Munising

0.019

0.158

Alona

0.001

0

0

Echo

0.018

0

0.001

0.27

Batchawana

0

0.007

0.064

0

0

UT2-1

0.002

0.056

0.378

0.025

0.07

0.004

UT1-1

0.006

0.235

0.16

0.021

0.025

0.519

0.422

UT4-1

0.058

0.005

0.061

0.519

0.159

0.017

0.193

0.183

Ionia

0

0

0

0

0

0

0

0
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0.001
0.001

7. Discussion
Results indicate the BHB and UT exoliths do not share a similar provenance of the Morrison
sandstones. The Morrison sandstones formed 150 Ma as sediment eroded off the magmatic
highlands to the west (Fricke et al. 2011; May et al. 2013; Turner and Peterson 2004). Sediment
and clasts that do not share the same provenance of the surrounding Morrison sandstones and
mudstones bear significant interest on their classification as an exolith or gastrolith, as well as
the mode of transportation to their respective depositional environment. For the exoliths found in

the BHB and northeastern UT, rather than being transported via the late Jurassic trunk stream
(Dickinson et al. 2009), it is more plausible the exoliths, now gastroliths, were transported inside
the gastric mill of a dinosaur. Dinosaurs utilize gastroliths to aid in digestion (Wings 2007), and
do not leave a dinosaur’s system until death. A gastrolith inside a dinosaur would unknowingly
trace a dinosaur’s path from the gastrolith’s source to the depositional environment. It is likely
the dinosaurs consumed exoliths near the exolith’s source; however, it is unknown where the
stonewould have been ingested. In summary, gastroliths are viable and admissible proxies when
discussing dinosaur migration. Even though the exact location of ingestion is unknown, a known

gastrolith source provides a scope of archaic migration length and direction during the late
Jurassic.

7.1 Provenance of BHB and UT Gastroliths
The pink and red quartzite BHB exoliths bear similar lithological characteristics and detrital
zircon age spectra as the Baraboo-Interval Quartzite, located near Baraboo, Wisconsin. The
Baraboo Quartzite is located ~1000 km east of the Bighorn Basin. Given the Morrison
sandstones were transported to the BHB via intermittent and perennial streams from the western
highlands (May et al. 2013), it is now known the BHB exoliths source from the east. The BHB
gastroliths do not match with the sediment shed off the late Jurassic Ionia Formation, indicating a
different path and/or mode of transportation to the BHB. Sauropods of the late Jurassic are
reported to have frequented on seasonal migrations of about 300 km (Fricke et al. 2011). The
purple quartzite clasts collected from the three sites near DNM consist of similar lithologies and
detrital zircon age spectra compared to the Jacobsville Formation near Lake Superior. The
Jacobsville Formation is located ~1500 km from DNM; however; it’s still plausible for dispersal
and migration to have occurred over such long distances.
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7.2 Feasibility a Long-Distance Migration and Dispersal
During the dry seasons or droughts in the late Jurassic, sauropods migrated up to 300 km to
the highlands in search of water and other nutritional needs (Fricke et al. 2009). Most often,
sauropod migration was dictated by the need for water (Fiorillo and Gangloff 2002). The
landscape of the mid-continent during the late Jurassic is unknown due to the lack Mesozoic
strata in the midwestern United States. However, the transcontinental trunk stream established
from Dickinson et al. (2009) provides a highway, or corridor, that sauropods may have followed
as they traversed westward (Figure 14). Northerly and southernly tributaries were expected to
have flowed into the trunk stream (Dickinson et al. 2009). The trunk stream and its tributaries
guided the dinosaurs across the vast, mid-continent landscape.
When migrating long distances, animals tend to follow migration corridors. Mountains,
rivers, and deserts have major ecological impacts by disrupting an animal’s trajectory. (Chapman
et al. 2014). Ancient migration routes are best understood by analyzing current migration routes
and tendencies. The longest migration distance of terrestrial modern taxa is the caribou, which
records up to 5055 km (Bell and Snivley 2008). Hadrosaurs are roughly three times larger the

caribous, and would have exhibited more efficient locomotive capabilities, such as stride length
(Fiorillo and Gangloff 2002).

7.3 Gastroliths or fluvial deposits?
For an exolith to be considered a gastrolith, it must be exotic, polished, and found among
dinosaur remains (Wings 2007). In addition, a known provenance aids in the classification by
assigning a method of transportation for the exolith. In most provenance studies dating zircons in
sandstones, it is common for the zircons to have been transported via fluvial systems or wind,
like the Morrison sandstones from May et al. (2013). The BHB exoliths match with the Baraboo

Quartzite, roughly 1000 km to the east. Similarly, the UT exoliths match with the Jacobsville
formation, roughly 1500 km to the east. Both the Baraboo Quartzite and Jacobsville Formation
are in the upper Midwest of North America and have similar pink/purple quartzite lithologies.
The difference between the Baraboo and Jacobsville is the maximum depositional ages of
zircons (1.85 Ga for Baraboo, 1.1 Ga and 1.6 Ga for Jacobsville).
The Morrison sandstones were deposited during the late Jurassic period from eastward
intermittent and perennial streams. The westward transcontinental river flowing from
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Appalachia, established from Dickinson et al. (2009), deposited zircon grains in the Colorado
Plateau from the late Jurassic Ionia Formation. According to the detrital zircon age spectra, both
the UT and BHB exoliths do not statistically match with either of the Morrison sandstones or
Ionia Formation, suggesting the exoliths are not fluvial deposits. Additionally, no conglomeratic
beds usually associated with fluvial systems are found in the Morrison Formation near DNM and
BHB. It is inferred the exoliths were ingested near the source, the Baraboo Quartzite and
Jacobsville Formation, and were transported in the gastric mill of dinosaurs to the respected
depositional areas in Wyoming and Utah. Once an exolith enters into a dinosaur’s system, it can
be classified as a gastrolith. Gastroliths are not defecated and remains in a dinosaur’s system
until death, or it can break down inside the dinosaur. Gastroliths can record a dinosaur’s
dispersal or migration route depending where along the way the gastrolith was ingested. It is
impossible to determine where the gastrolith was ingested, but given the size of some of the
gastroliths found, it does not seem plausible the gastroliths traveled far from their source without
the aid of dinosaurs.
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Figure 16. Proposed migration route dinosaurs took across the mid-continent during the late
Jurassic.

8. Conclusion
Paleogeographic reconstructions from Dickinson et al. (2011) and Blakey et al. (2013)
indicate a large, westward flowing trunk stream, as well as no topographical barriers between the

source and depositional region of the quartzite exoliths. Given the migration and dispersal
lengths for both hadrosaurs and sauropods, it is both viable and admissible that the quartzite
gastroliths, interpreted to source from the Baraboo Quartzite and Jacobsville Formation, were
transported to Wyoming and Utah via the gastric mill of a dinosaur. It is unknown what
organism may have transported the gastroliths; however, the Morrison Formation is a mecca of
dinosaur remains. The presence of polished exotic stones with distinct provenances over 1000
km away, suggest a method of transportation different from a normal river cobble or sediment.
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The detrital zircon geochronology suggests the provenance the pink quartzite gastroliths found
within the Morrison Formation to be 1000–1500 km to the east of the Morrison Depositional
Basin. It is unlikely the pink quartzite exoliths found within the Morrison Formation are river
cobbles or hyper concentrated stream flows if the provenance is as far as proposed. Dinosaurs
used gastroliths for a variety of reasons, but the dinosaurs did not anticipate gastroliths would be
sufficient proxies in determining migration length and direction.
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